1.. Introduction
================

In recent decades, biomarker detection, especially non-labeling assaying has shown great promise in diagnostic health care and the drug discovery process \[[@b1-sensors-11-08953],[@b2-sensors-11-08953]\], particularly with regard to preventive measures aimed at cardiovascular diseases such as thrombotic disorders \[[@b3-sensors-11-08953]\]. Previous studies have shown a strong correlation between these diseases and various biomarkers \[[@b4-sensors-11-08953]--[@b6-sensors-11-08953]\]. Human thrombin, a highly specific serine protease, is a biomarker that plays an important role in the coagulation cascade. Thrombin is involved in various pathogeneses, such as blood coagulation, incrustation, inflammation, and pulmonary metastasis \[[@b7-sensors-11-08953],[@b8-sensors-11-08953]\]. Researchers have developed various kinds of biosensors for thrombin detection, including electrochemical \[[@b9-sensors-11-08953],[@b10-sensors-11-08953]\], colorimetric \[[@b11-sensors-11-08953]--[@b13-sensors-11-08953]\], fluorescence \[[@b14-sensors-11-08953]\], mass sensing transduction \[[@b15-sensors-11-08953]--[@b17-sensors-11-08953]\] and optical transduction sensors \[[@b18-sensors-11-08953],[@b19-sensors-11-08953]\]. The optical method has attracted a great deal of attention because it provides a real-time, label-free, high-sensitivity, nondestructive mode of operation, and has the versatility required for devices in clinical applications \[[@b20-sensors-11-08953]\]. Guided mode resonance (GMR) optical devices have been applied to biosensing since they were discovered to be sensitive to refractive index changes, and the first GMR biosensor design and experiments were reported in the early 2000s \[[@b21-sensors-11-08953]--[@b23-sensors-11-08953]\]. Recent studies have demonstrated that a newly recognized molecular species, the aptamer, has many advantages with regard to biosensing. This study develops a new thrombin biosensor using a home built optical GMR device, with the aptamer as the recognition species. The proposed GMR aptasensor is a label-free sensor capable of *in situ* real-time detection of binding kinetics.

The aptamer is a single strand DNA or RNA with specific binding capabilities with its ligand molecules. Aptamers were basically screen derived in the 1990s from the systematic evolution of ligands by the exponential enrichment during the so-called SELEX process \[[@b24-sensors-11-08953]--[@b26-sensors-11-08953]\]. Aptamers are able to bind to target molecules including amino acids, proteins, drugs, organic or inorganic molecules, or optical isomers with specificity and high affinity \[[@b27-sensors-11-08953],[@b28-sensors-11-08953]\]. As a type of oligonucleotide, aptamers are easy to synthesize and modify on a large scale with functional groups or nanoparticles \[[@b7-sensors-11-08953],[@b13-sensors-11-08953],[@b29-sensors-11-08953],[@b30-sensors-11-08953]\]. Aptamers have many applications, including separation, therapeutics, clinical diagnostics, and particularly in biosensing.

A GMR device is an optical filter that utilizes a grating on the top of a planar waveguide to reflect a specific wavelength of transmitted light \[[@b31-sensors-11-08953]\]. This device produces a narrow resonance dip (a few nanometers wide) in the transmission spectrum. GMR sensors detect biomolecules and interactions between biomolecules by evanescent waves on the chip surface. The filtered wavelength shifts when the optical path length changes in the region of the evanescent waves. A GMR sensor offers the advantages of high-sensitivity \[[@b32-sensors-11-08953]\], label-free, real-time detection, and high throughput \[[@b33-sensors-11-08953]\].

Two aptamers have been developed for targeting thrombin in different sites with high affinity and specificity. These aptamers are 15 and 29 base oligonucleotides. The binding equilibrium constants (K~d~) were reported to be 26 nM and 0.5 nM, respectively \[[@b34-sensors-11-08953],[@b35-sensors-11-08953]\]. This binding is similar to the binding of antibodies to their antigens. When thrombin binds to its aptamer ligand, the thrombin aptamer (TBA) plays the role of inhibitor, restricting the activity of the thrombin \[[@b36-sensors-11-08953]\]. Studying the interaction between thrombin and its aptamer has great potential for clinical applications.

Recently, optimization for high sensitivity GMR sensor for various applications has been studied \[[@b37-sensors-11-08953],[@b38-sensors-11-08953]\] and many reports shows that GMR devices are suitable for biosensors. On the other hand, aptamers show good storage, stability and flexibility for modification properties. Better detection sensitivity and specificity can be achieved by optimizing the nano-structure design of the GMR chip. This work aims on the combination of an GMR device and an aptamer for developing a new aptasensor. The investigation includes GMR surface modification, 29-mer TBA immobilization and kinetics studies between 29-mer TBA with thrombin. The proposed device achieves real-time and label-free detection of thrombin. The results are discussed in relation to detection sensitivity and the kinetic behavior of the thrombin binding with the aptamer.

2.. Materials and Methods
=========================

2.1.. GMR Fabrication
---------------------

[Figure 1](#f1-sensors-11-08953){ref-type="fig"} depicts the geometry of the GMR sensor, which has a 620 μm thick fused silica substrate, a waveguide and a grating layer, both made of Si~3~N~4~. A SiO~2~ layer for surface modification was deposited on top of the grating by plasma-enhanced chemical vapor deposition (PECVD, Unaxis/Nextral D200). The fabrication process began with a standard cleaning of the substrate using (1) acetone and (2) isopropyl alcohol, followed by (3) rinsing with deionized (DI) water. Each step took place in an ultrasonic cleaner for 3 min, followed by drying under a stream of pure nitrogen. After cleaning, a 180 nm layer of Si~3~N~4~ film was deposited by PECVD. Once the deposition was completed, a positive photoresist layer was spun onto the Si~3~N~4~. A one-dimensional grating for which the period is 950 nm and the filling factor is 0.5, was layered with an e-beam writer (Raith 150, Japan). After lithography, the photoresist was developed. The chip was etched using a high-density plasma etcher (HDP, Unaxis/Nextral 860L), and finally the residual photoresist was removed using standard cleaning procedures. The chip size is shown in [Figure 1(B)](#f1-sensors-11-08953){ref-type="fig"}. The chip is 1 × 1 cm^2^ and the structured area is located at the center with size of 1.5 × 1.5 mm^2^. The detection area (structure area) is totally covered with the fluidic channel.

2.2.. Reagents
--------------

The oligonucleotides were synthesized by MDBio Inc., Taiwan. The TBAs were modified with NH~2~ at the 5′ end and purified with HPLC. The sequence was 5′NH~2~-AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3′ \[[@b35-sensors-11-08953]\]. Thrombin from human plasma was purchased from Sigma-Aldrich (St. Louis, MO, USA), along with 3-aminopropyltriethoxysilane (APTES), tris-HCl buffer (pH 7.4), and glutaraldehyde (GA). Salt for the buffer solutions, sodium phosphate monobasic, and sodium phosphate dibasic were obtained from Fluka. All reagents were standard grade.

2.3.. Aptamer Immobilization
----------------------------

The aptamer was immobilized on the GMR surface based on a self-assembly monolayer method. First, 50 nm of SiO~2~ was deposited on top of the GMR chip using PECVD. The chip was cleaned with DI water and dried in a stream of N~2~. The chip was exposed to UV-ozone for 20 min to generate OH^−^ functional groups for self-assembly. It was subsequently soaked in a 3 mM APTES solution for 6 h to form a self-assembled monolayer (SAM). To avoid the formation of APTES clusters, the beaker was sealed with parafilm (Sigma-Aldrich). After 6 h, the chip was rinsed with ethanol, dipped into a 2% GA solution for 1 h, and then rinsed with DI water. After this the chip was immersed in a 1 μM TBA solution (diluted with phosphate buffered saline, PBS) overnight. Finally, the chip was stored in pure PBS at 4 °C.

2.4.. Surface Characteristic
----------------------------

Wettability measurements were performed using a homemade contact angle meter. To measure the water contact angle (WCA), a 5 μL DI water drop was dripped on top of the chip. Images of the drops were captured by a CCD camera. For comparison, the GMR chip was replaced with fused silica slabs, but treated with the same modification process as for the GMR chip. The WCA measurements were performed after SiO~2~ deposition, after APTES modification, and after immobilizing the aptamer. Each WCA measurement was repeated three times.

Electron spectroscopy for chemical analysis (ESCA) was used to analyze the elements by detecting the binding energy between atoms. To identify the immobilization of the aptamers, the ESCA experiment focused on the phosphorus atoms. Specifically, they focused on the 2p orbit of phosphorus atoms with the three types of chips: bare fused silica, with SAM, and with immobilized aptamers. The sweeping range was from 140 to 120 eV with a step of 0.1 eV.

2.5.. GMR Detection System
--------------------------

The GMR chip was mounted in a fluidic cell and illuminated with a broadband light source (Koheras superK, NTK Photonics, Denmark). The light source was connected to a collimator fiber, which collimated the incident light. A polarizer was placed immediately behind the collimated light source to convert the light into the transverse electric (TE) mode. Another collimator fiber was placed on the end to receive the transmitted light into an optical spectrum analyzer (OSA, MS9710B, Anritsu, Japan). The OSA was controlled by a computer in real-time using a general purpose interface bus (GPIB). The computer recorded any shifts in the wavelength of the filtered light.

2.6.. Thrombin Assay
--------------------

The buffer solution was 50 mM tris-HCl pH 7.4. The procedure comprised equilibrium baseline measurement, binding association, binding disassociation, surface regeneration, and re-baseline measurement in a temperature-controlled environment. Thrombin was dissolved in tris-HCl buffer at concentrations of 0.25 to 1.5 μM. The thrombin, pure tris-HCl buffer, and 2 M NaCl solutions were stored at 35 °C for 1 h before the experiment. The dimensions of the fluidic cell were 10 mm × 5 mm × 0.1 mm. A peristaltic pump moved the solution into the fluidic cell at a constant rate of 50 μL/min. However, due to limitations of the detection system setup, the tris-HCl buffer was pumped into the fluidic cell for 5 min for baseline measurement. The binding association rate constant was determined by pumping the thrombin/tris-HCl solution into the fluidic cell with the GMR chip modified by the TBA. Once the shifts of wavelength had stabilized, the tris-HCl buffer was again pumped for the disassociation process to removing the non-specifically bound thrombin, following by a regeneration step with the 2 M NaCl solution. These steps above were repeated with different concentrations of thrombin.

2.7.. *In Situ* Binding Kinetic Measurements
--------------------------------------------

This study adopted a simple Langmuir one-to-one adsorption isotherm for the kinetic analysis. The interactions of thrombin and TBA (A and B) are formulated as in [Equation (1)](#FD1){ref-type="disp-formula"}, and follow the rate equation given by [Equation (2)](#FD2){ref-type="disp-formula"}: $$A + B\underset{k_{d}}{\overset{k_{a}}{\leftrightarrow}}\mathit{AB}$$ $$d{\lbrack\mathit{AB}\rbrack}/\mathit{dt} = {\lbrack A\rbrack}{\lbrack B\rbrack}k_{a} - {\lbrack\mathit{AB}\rbrack}k_{d}$$where the terms *k~a~* and *k~d~* represent the binding association and dissociation rate constants. The signal from the biosensor (R) is proportional to the concentration of complex (AB), and the maximum signal (Rmax) is proportional to the initial concentration of (B) and is used for binding isotherm data. This means that [Equation (2)](#FD2){ref-type="disp-formula"} can be rewritten as: $$\mathit{dR}/\mathit{dt} = k_{a}{\lbrack A\rbrack}R_{\text{max}} - {({k_{a}{\lbrack A\rbrack} + k_{d}})}R$$

Since the concentration of thrombin (A) vanishes due to the washing out of nonspecific binding in the dissociation phase. The rate constant *k~d~* can be determined from [Equation (3)](#FD3){ref-type="disp-formula"}, and the dissociation (washing) step sensorgram solely as: $$R = R_{0}e^{- tk_{d}}$$

Then, with the *k~d~* value obtained from [Equation (4)](#FD4){ref-type="disp-formula"}, the *k~a~* value can be derived or fitted for the sensorgram as: $$R = {\lbrack A\rbrack}k_{a}R_{\text{max}}{\lbrack{1 - e^{- {({{({{\lbrack A\rbrack}k_{a} + k_{d}})}t})}}}\rbrack}/{({{\lbrack A\rbrack}k_{a} + k_{d}})}$$

The affinity constant (K~a~) is defined by *k~a~*/*k~d~* and is equal to the inverse of the dissociation equilibrium constant (K~d~) ([Equation (6)](#FD6){ref-type="disp-formula"}), thus: $$K_{a} = k_{a}/k_{d} = 1/K_{d}$$

3.. Results and Discussion
==========================

3.1.. GMR Device Property
-------------------------

The GMR chip morphology measurement results showed the period of the grating to be 957 nm and the depth of the grating to be approximately 55 nm. Ellipsometer measurement revealed the deposited Si~3~N~4~ to be 165 nm thick. The two layers of the waveguide and grating were 110 nm and 55 nm thick, respectively. The Gsolver software (Grating Solver Development Co., USA) was used to perform an optical simulation based on the measured geometry structure specifications. The algorithm of the Gsolver is based on the rigorous coupled-wave analysis (RCWA) method. [Figure 2](#f2-sensors-11-08953){ref-type="fig"} shows the transmission spectrum, in air, as measured by OSA. [Figure 2](#f2-sensors-11-08953){ref-type="fig"} also presents the simulated spectrum calculated by the Gsolver software. One dip of a specific wavelength in this spectrum indicates the GMR effect, or the resonance effect. The resonance wavelength was 1,417.5 nm, and the full width at half maximum (FWHM) was 2.5 nm in this case. It can be seen that both the simulation sample and the physical sample had ripple side bands. The period of the side band ripples was about 1 nm. This was due to interference between the two faces of the fused silica substrate, with a thickness of 620 μm and reflective index of 1.44. The OSA spectrum results agreed with the simulation results.

The effective refractive index on the chip surface changes when thrombin is bound with the immobilized aptamer. The shift in the effective refractive index is proportional to the amount of thrombin bound to the surface. The globular structure of the thrombin was observed to be approximately 8.8 nm in diameter \[[@b39-sensors-11-08953]\]. Based on the geometry of the GMR chips and the thrombin mentioned above, the shift in the resonance wavelength in response in water was calculated. Simulations of the bare chip and one covered with a homogeneous 8.8 nm layer are shown in [Figure 3](#f3-sensors-11-08953){ref-type="fig"}. For a clearer presentation of the spectrum, in the simulation, the substrate of the GMR chip is removed to eliminate interference ripples. The resonance wavelength in the transmission spectrum shifted to a long wavelength (red shift). This was because the effective refractive index had changed to an optically denser medium. The optically denser medium provided a greater phase shift on the GMR sensor surface. Therefore, the transmission spectrum showed a red shift.

3.2.. Surface Modification on the GMR Sensors
---------------------------------------------

Each step of the surface modifications and aptamer immobilization showed different exposed functional groups on the surface of the chip. The WCA was measured to evaluate the wettability between each step of surface modifications. These measurements qualitatively indicated the progress and success of the surface modification. [Table 1](#t1-sensors-11-08953){ref-type="table"} shows that the unmodified bare fused silica surface exhibited high hydrophilicity, with a WCA of 20.5°. After SAM modification of the silica surface, as described in Section 2.3, the WCA increased to 51.7°. This large variation indicated that the NH~2~ group of SAM had made the surface more hydrophobic. These results agreed with previous reports on the silanization of glass slides \[[@b40-sensors-11-08953]\]. The WCA decreased to 28.1° when the aptamer was successfully immobilized on SAM.

The immobilization of the aptamer was also verified by ESCA. The aptamer was an oligonucleotide of DNA, and the bonding energy of the DNA backbone phosphorus atom at 2p orbits (P 2p) was approximately 133.7 eV \[[@b41-sensors-11-08953]\]. Neither the bare substrate, nor the SAM molecules have P 2p peaks. The ESCA results are shown in [Figure 4](#f4-sensors-11-08953){ref-type="fig"} and the peak at 133.8 eV demonstrates that the aptamer was covalently immobilized.

3.3.. GMR Real Time Thrombin Detection
--------------------------------------

[Figure 5(A)](#f5-sensors-11-08953){ref-type="fig"} shows a sensorgram of the shift in adsorption wavelength with different thrombin concentrations. Each of the detection measurement processes includes the following steps: baseline (equilibrium), association (binding), disassociation, and regeneration. The thrombin concentrations used in this investigation were 0.25, 0.5, 0.75, 1, and 1.5 μM. [Figure 5(B)](#f5-sensors-11-08953){ref-type="fig"} shows the linear fitting between the thrombin concentrations (0.25--1 μM) and the binding responses of the wavelength shifts. The binding signal is defined as the wavelength dip value after dissociation, minus the baseline value. In the concentration range between 0.25--1 μM, the data can be fitted to a linear relation and shows an r-square value (R^2^) of 0.8. Results indicate that the sensitivity for thrombin detection in this range was 0.04 nm/μM. The standard deviation (σ) was calculated to be 0.0025 nm from the baselines. A 3 times value of σ stands for the noise signal which indicated the LOD of this system is 0.19 μM. Distinguishing the smallest thrombin concentration in the experiment (0.25 μM) would be adequate. Furthermore, [Figure 5(B)](#f5-sensors-11-08953){ref-type="fig"} provides an evidence of adsorption isotherms in the GMR system. This work aims to demonstrate the feasibility of the GMR as a biosensor and the reported sensitivity of this non-optimized chip is an order lower than that of other reported GMR sensord \[[@b32-sensors-11-08953],[@b33-sensors-11-08953],[@b37-sensors-11-08953],[@b38-sensors-11-08953]\]. However, Abdulhalim has addressed some guidelines for enhancing the sensitivity of GMR based sensors \[[@b32-sensors-11-08953]\]. The sensitivity improvement of the GMR aptasensor achieved through optimization is considerable.

The regeneration time in the experiment was 24 min, except for the regeneration of 1.5 μM thrombin. After the 24 min regeneration process, the signal wavelength values had decreased by 0.029 nm indicating that a number of thrombin-aptamer complexes may have been denatured by the 2 M NaCl solutions. In the regeneration process of 1.5 μM, the regeneration time was doubled and the signal wavelength value decreased by 0.039 nm. This showed that more thrombin-aptamer complexes had been denatured. This is because the shifts in wavelength were proportional to the amount of thrombin absorbed on the GMR chip surface. These results showed that the number of regenerated thrombin complexes was proportional to regeneration time.

3.4.. GMR Aptasensor Determines the Kinetic Constants between Thrombin and TBA
------------------------------------------------------------------------------

This study also determined the binding kinetic constants by analyzing the real-time sensorgram with the Langmuir adsorption assumption. The sensorgram used purely represents the binding/adsorption concentration of the analytes. The Langmuir isotherm model was adapted is basically for its one-to-one binding simplicity. Also, discussion based on the obtained *k~a~* and *k~d~* for possible analysis of specific and non-specific binding is possible. As discussed above, the wavelength shifts are attributable to increased materials on the chip surface. In this study, wavelength shifts represent the formation of the aptamer-thrombin complex. [Table 2](#t2-sensors-11-08953){ref-type="table"} lists the constants. The association rate constants (*k~a~*) where shown to be on the order of 10^5^ M^−1^s^−1^, the dissociation rate constants (*k~d~*) were on the order of 10^−1^s^−1^, and the affinity constants (K~a~) were on the order of 10^6^ M^−1^. On the other hand, the K~a~ of the thrombin concentrations from 0.25 to 1 μM as calculated by the Langmuir linear regression is also gives a value on the order of 10^6^ M^−1^ which is the same order of fitting as from the real time sensorgram. The individual values of *k~a~* and *k~d~* may be affected by the diffusion, but the K~a~ value is a thermodynamic data result, no diffusion effect is involved. However, high values of the disassociation constant, *k~d~*, indicating high nonspecific binding between the immobilized aptamer and the surface with thrombin, are clearly present. This is why the K~a~ value in this report is lower than the value documented for other non-labeling sensors. The affinity constant for thrombin and its 29-mer TBA ranged from 10^7^ to 10^9^ according to different detection methods, such as quartz crystal microbalance (QCM), SELEX and electrochemical impedance spectroscopy (EIS) \[[@b15-sensors-11-08953],[@b35-sensors-11-08953],[@b42-sensors-11-08953]\]. Based on these results and the different detection methods used, with more defined surface chemistry and the improvements of reducing non-specific binding by the incorporation of anti-fouling materials, such as PEG \[[@b43-sensors-11-08953]\] or SBMA \[[@b44-sensors-11-08953]\], the preliminary data presented by this first GMR measurement of aptasensor, suggest it is an applicable method for the kinetic analysis of biomolecular interactions.

4.. Conclusions
===============

This study demonstrated that a GMR aptasensor can be achieved by immobilization of aptamers on an optical GMR device. Measurements of thrombin with TBA were performed and the binding kinetics and binding constants were analysed. The GMR aptasensor has the capability of real-time, label free detection. The linear detection range for thrombin was 0.25--1 μM, and the LOD was 0.19 μM. Kinetic analysis demonstrated the affinity constant was in the 10^6^ M^−1^ range. However, there are some issues that need to be overcome, such as the diffusion effect, the non-specific binding and the sensitivity optimization. Through this first trial of an GMR aptasensor and other research results, the GMR aptasensor system shows a low-cost and potential for high throughput and easy application to different targets that makes the GMR aptasensor a good choice for diagnostic or analytical applications in the future.
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![(**A**) Schematic representation of the GMR sensor structure with a 620 μm substrate of fused silica; both the waveguide and the grating were Si~3~N~4~. The single SiO~2~ layer on top of the grating was for surface modification. (**B**) The fabricated chip referencing with a coin. The bright spot is the structured sensing area which size is 1.5 × 1.5 mm^2^.](sensors-11-08953f1){#f1-sensors-11-08953}

![The transmission spectrum for the GMR chips (black) and the RCWA simulation (red) in an air environment. The resonance wavelength was 1,417.5 nm. The simulation parameters were in accordance with the AFM morphology results for the GMR chip. The side band ripples were the result of interference from the substrate.](sensors-11-08953f2){#f2-sensors-11-08953}

![RCWA simulation results with (red) and without one homogeneous layer (black) on top of the GMR chip in water. The results show that the resonance wavelength shifted to a longer wavelength.](sensors-11-08953f3){#f3-sensors-11-08953}

![Bonding energy of bare fused silica (black), SAM (red), and chip with immobilized aptamer (green). The peak of the aptamer was at 133.8 eV, which is 6 times higher than that of other samples.](sensors-11-08953f4){#f4-sensors-11-08953}

![(**A**) Real-time sensorgram. The resonance wavelength shifted with different concentrations of thrombin. There were four steps in the detection process: first, pure tris-HCl buffer solution (baseline); second, buffer solution with thrombin (association); third, pure buffer again (dissociation); fourth, 2 M NaCl solution (regeneration). The four steps were repeated with different thrombin concentrations (0.25, 0.5, 0.75, 1, and 1.5 μM). (**B**) The resonance wavelength responses (shifts) of the GMR sensor to different concentrations of thrombin (form 0.25 to 1 μM). The error bars stand for the measurement noise which calculated from each baseline. The value of R^2^ is 0.8 and the sensitivity is calculated to be 0.04 nm/μM.](sensors-11-08953f5){#f5-sensors-11-08953}

###### 

Water contact angle measurement showing the different stages of surface modification from the bare substrate to SAM and immobilization of the aptamer.

  **Surface modification**   **Fused silica**   **APTES modified**   **Aptamer modified**
  -------------------------- ------------------ -------------------- ----------------------
  WCA                        20.7°              51.7°                28.1°

###### 

TBA and thrombin interaction kinetic constants. The constants were calculated using the real-time sensorgram in [Figure 5(A)](#f5-sensors-11-08953){ref-type="fig"}.

  **Concentration (μM)**   ***k~a~* (10^5^ M^−1^s^−1^)**   ***k~d~* (10^−1^ s^−1^)**   **K~a~ (10^6^ M^−1^)**
  ------------------------ ------------------------------- --------------------------- ------------------------
  0.25                     2.06                            1.05                        1.95
  0.50                     1.52                            0.61                        2.50
  0.75                     1.83                            0.30                        6.18
  1.00                     0.18                            1.54                        0.12
  1.50                     0.20                            1.33                        0.15
